10-fold higher than into fibroblasts (
). LCFA serum-starved adipocytes was found only at very low levels in the plasma membrane fraction. However, uptake into adipocytes was saturable at higher concen-FATP1 was robustly increased (a 12-fold increase over trations of cis-parinaric acid, indicative of protein-medicontrol) in adipocyte plasma membranes treated with ated uptake, while LCFA uptake into fibroblast showed insulin for 60 min, indicative of a net movement of the a linear concentration dependency as expected from a transporter to the plasma membrane. FATP1 levels in process predominantly based on diffusion ( Figure 1A) . the low-density and high-density microsomal (LDM and Northern blot analysis using FATP-specific probes HDM, respectively) fractions and in the nuclei/mitochonwith comparable specific activity showed that mature dria/cytoskeletal pellet were reduced after insulin stimuadipocytes mainly express FATP1; at lower levels they lation, indicating that all of these membrane compartexpress FATP4, and at very low levels they express ments may potentially contribute to the increased pool in FATP2 ( Figure 1B) . To see whether FATP expression the plasma membrane ( Figure 2A ). In contrast to FATP1, changes during 3T3 L1 differentiation, equal amounts FATP4 was present in the plasma membrane fraction in of protein from fibroblasts and adipocytes were blotted the basal state and showed a less pronounced increase and probed with polyclonal anti-sera specific for either (2-fold) in this fraction after insulin stimulation. FATP4 FATP1 or -4. Both proteins are induced during differentiwas barely detectable in the LDM and HDM fractions ation, as they are absent in preadipocytes but robustly but found at robust levels in the nuclei/mitochondria/ expressed in adipocytes ( Figure 1C ). Note that the cytoskeletal pellet. FATP4 levels decreased in this fracstronger signal in the FATP4 lane does not reflect a tion after insulin treatment, suggesting a movement out higher expression level of FATP4 over FATP1 but is due of the nuclei/mitochondria/cytoskeletal fraction to the rather to differences in the sensitivity of the anti-sera. plasma membrane (Figure 2A ). None of the other four FATPs were detectable by WestImportantly, in insulin-starved cells, FATP1 is found ern blots (data not shown).
predominantly in the HDM fraction, and intracellular FATP4 is mostly found in the pellet fraction. After insulin FATP1 Is Enriched in the Plasma Membrane stimulation, the increases in levels of FATP1 and -4 in Fraction in Response to Insulin the plasma membrane are paralleled by reductions of In adipocytes and other insulin-sensitive tissues, the FATP1 in the HDM fraction and FATP4 in the pellet fracglucose transporter Glut4 is translocated to the plasma tion. In contrast, the Glut4 pool translocating to the membrane in response to insulin. Hence, we wanted to plasma membrane originates predominantly from the test whether the fatty acid transporters FATP1 and/or intracellular LDM fraction. -4 also change their intracellular localization in response Next we wanted to confirm the observed translocation to insulin. To this end serum-starved 3T3 L1 adipocytes of FATP1 in primary adipocytes. To this end we isolated were treated with insulin for 60 min, and membranes adipocytes from adult mouse epididymal fat pads. The isolated adipocytes were resuspended in serum free were prepared by differential centrifugation. FATP1 in DMEM with or without insulin for 30 min. Membrane adipocytes, we prepared plasma membranes from 30 min insulin-treated and untreated adipocytes. Equal fractions were then prepared as were 3T3 L1 cells and probed with the FATP1-specific antibody ( Figure 2B) . amounts of total protein were loaded and probed for either FATP1, Glut4, FATP4, or insulin receptor ( Figure  FATP1 was detected in the plasma membrane fraction in the basal and insulin-stimulated states. However, after 2C). Again, a robust (2-fold) increase in FATP1 was observed following insulin treatment. Glut4, which served a 30 min incubation with insulin in tissue culture, the amount of FATP1 in the plasma membrane fraction inas a positive control, showed a strong enrichment (4.3-fold) in the plasma membrane fraction, while the insulin creased 2-fold. FATP1 levels in the LDM and HDM fraction were low. FATP1 could be found in the nuclei/mitoreceptor, used as a negative control, did not change its localization in the same cells ( Figure 2C ). Although we chondria/cytoskeletal fraction in the basal state but was greatly reduced after insulin treatment ( Figure 2B ), indicould detect FATP4 expression in primary adipocytes, no change in plasma membrane localization was decating an insulin-triggered movement of FATP1 from this fraction to the plasma membrane. 
insulin-treated cells showed again a robust enhanced
Insulin titration with an incubation time of 8 hr showed a logarithmic dose response with a significant increase uptake in cells preincubated with insulin (31% versus 50% after 30 min of insulin) ( Figure 4B) . of C1-BODIPY-C12 uptake (140% over control), detectable even at the lowest insulin concentration tested A time course of insulin's effect on C1-BODIPY-C12 FA showed that uptake was enhanced within 15 min (0.005 ng/ml insulin), and half-maximal stimulation around 1 ng/ml ( Figure 4D ). (153% of control), reached a plateau over the next 4 hr, with an average increase of 185% compared to cells in As a third method of characterizing insulin's effect on LCFA uptake by adipocytes, we used the naturally serum-free medium for the same amount of time, and increased slightly further after 8-24 hr, with an average occurring LCFA cis-parinaric acid. Varying the concentration of cis-parinaric acid showed that initial uptake long-term insulin effect of 225% of control ( Figure 4C ). Figure 4E, insert) . Linear equations 30 min. Glycerol accumulation in the medium was linear over this period of time, and linear regression was used from these plots were used to calculate the apparent K m and V max for control and insulin-treated cells. Importantly, to assess efflux rates. After 30 min treatments with isoproterenol, a known activator of hormone-sensitive liinsulin treatment (16 hr incubation) more than doubled the V max for cis-parinaric acid uptake into adipocytes, pase, we observed a robust increase in glycerol efflux (1.5 g/min for control versus 12.2 g/min for isoproterefrom 160 mmol/s to 330 mmol/s, while, at the same time, the apparent K m for uptake of this LCFA remained nol), while insulin had no effect (1.8 g/min), and TNF-␣ cased a slight increase (2.8 g/ml) ( Figure 5A ). Similarly, virtually constant (1.5 M versus 2 M) ( Figure 4E ). These observations are consistent with an increase in changes in glycerol efflux caused by insulin (1.4 g/ ml) and TNF-␣ (2.8 g/ml) after 16 hr treatment were active LCFA transporters on the cell surface, further supporting our hypothesis that FATP translocation to insignificant compared to the twenty-fold increase in glycerol efflux rates caused by isoproterenol (1.3 g/ml the plasma membrane is responsible for enhanced LCFA uptake after insulin stimulation.
for control versus 22.2 g/ml for isoproterenol) ( Figure  5A ). Further, insulin was able to stimulate LCFA uptake Next we performed a preliminary pharmacological characterization of the insulin-signaling pathway, leadindependently of increased glucose uptake, as a 15 min insulin stimulation of adipocytes in glucose-free medium ing to increased uptake of LCFAs. Figure 5B ), function as a transcriptional activator, we found that englitazone indeed stimulates LCFA uptake into adipoconfirming the results obtained from glycerol measurements. cytes after 16 hr incubation but not after a short-term (10 min) treatment (Table 1) .
One further explanation for the insulin-mediated increase in LCFA uptake is depletion of intracellular LCFA pools through increased oxidation. However, we found Insulin Effect on Downstream Metabolic Reactions that, after measuring the ␤ oxidation rates of 3T3 L1 adipocytes, a 1 hr incubation with insulin significantly Since insulin could potentially change LCFA uptake not only by modifying transport but also by changing subselowered, and not increased, LCFA oxidation rates (116 Ϯ 1.6 pmol/hr for versus 33 Ϯ 3.1 pmol/hr for insulin). quent steps that may effect intracellular LCFA pools, we investigated insulin's effect on lipolysis, LCFA efflux, TNF-␣ had no effect (118 Ϯ 15.7 pmol/hr) after 1 hr. Further, ␤ oxidation rates after 16 hr incubations with and ␤ oxidation in 3T3 L1 cells. Intracellular lipases such as hormone-sensitive lipase generate fatty acids and either insulin (160 Ϯ 5 pmol/hr) or TNF-␣ (146 Ϯ 38 pmol/ hr) were not significantly different than those for control glycerol from triglycerides. The intracellular glycerol (Table 1 ) and by our finding that two molecules, was clearly increased (Figure 1) . sphingomyelinase and ceramide, which have been implicated in 55 kDa TNFR signaling, also strongly inhibited TNF-␣ Suppresses LCFA Uptake and FATP Protein Expression LCFA uptake within minutes (Table 1) . Figure 6B) . A time course of the TNF-␣ effect on C1-in FATP expression, suggesting that insulin acts mainly by changing FATP subcellular localization while TNF-␣ BODIPY-C12 FA uptake showed a clear biphasic mode of action. A fast response, which is observed after minboth inhibits insulin signaling and additionally reduces LCFA uptake by suppressing FATP transcription. utes, inhibits 50% of C1-BODIPY-C12 FA uptake into adipocytes followed by a second response, observed after 8-24 hr of TNF-␣ incubation, suppressing C1-BODIPY-C12 FA uptake by up to 90% ( Figure 6C ). TNF-␣ Discussion pretreatment followed by a 10 min insulin stimulus showed that not only basal but also insulin-stimulated Upon insulin stimulation both FATP1 and Glut4 were found on the adipocyte plasma membrane, in numerous LCFA uptake were blocked by this cytokine (Table 1) .
As shown in the previous section, TNF-␣ had no signif-TNF-␣ is known to antagonize many of insulin's effects on cells and to cause insulin desensitization in adipo-
The hypothesis that the TNF effect is mainly mediated small vesicles, and in a perinuclear compartment. The peripheral FATP-containing vesicle populations showed by the 55 kDa TNFR was further supported by the fact that human TNF-␣, which can only bind to the 55 kDa only marginal overlap with Glut4-containing vesicles. While 3D image analysis showed that the average vesiboth fractionate in the light microsomal (LDM) fraction. In contrast, FATP1 is predominantly found in the HDM cle diameters were similar, only 3.37% of FATP1 immunoreactivity coincided with that of Glut4. This suggests and pellet fractions. After insulin stimulation FATP1 is reduced in all but the plasma membrane fractions. Imthat insulin-triggered plasma membrane targeting of glucose and fatty acid transporters occurs via two indeportantly, the most notable contribution to the increased plasma membrane pool is derived from the HDM, and pendent vesicular pathways.
Membrane fractionation data confirmed that the insunot from the LDM, fraction. It remains to be determined whether these divergences are attributable to differlin regulated exocytosis pathway of FATP1 differs from the well-characterized Glut4 pathway. Although both ences in FATP1 recycling and trafficking through the endosomal compartment, strong interactions of the FATP1 and Glut4 are increased on the plasma membrane in response to insulin, they differ in the compart- ., 2000) , raising the possibility that increased LCFA uptake is primarily (Peraldi et al., 1996) . The 55 kDa receptor was also sufficient to mediate TNF-␣ inhibition of LCFA uptake, demdue to secondary effects on adipocyte metabolism. This may result in a lowered intracellular LCFA concentration onstrated using an agonist antibody specific for the 55 kDa receptor (Tartaglia et al., 1993) and human TNF-␣, and, hence, increased LCFA influx. Catecholamines induce lipolysis by elevating cAMP levels, leading to the which only binds the 55 kDa murine receptor and was as efficient as murine TNF-␣. Both exogenous sphingoactivation of hormone-sensitive lipase. This process can be counteracted by insulin through activation of phosmyelinase as well as ceramide inhibited LCFA uptake, indicating further similarities between the TNF signaling phodiesterase 3B, which decreases cAMP levels. However, the experiments presented here were mainly done pathways involved in the inhibition of glucose and LCFA uptake. using serum-starved cells showing a very low basal hormone-sensitive lipase activity that was not further sup-
In conclusion, we have demonstrated that uptake of LCFAs into adipocytes is a regulated process sharing pressed by insulin. Insulin also increased LCFA uptake 1% NP-40, 0.5% sodium deoxycholate, and 0.1% sodium dodecyl sulfate [pH 7.8]) after the interface (1 ml) was removed using a Antibodies syringe, diluted with an additional 1 ml of buffer A, and centrifuged Polyclonal anti-sera against the C termini of FATP1 and -4 were in a TLA-100.2 rotor at 37,000 rpm (74,000 ϫ g) for 9 min. The pellet raised as described (Stahl et al., 1999) , and mouse anti-GM130 was from this centrifugation, designated PM, was resuspended in RIPA purchased from Signal Transduction Labs. Glut4-specific antibodies buffer and stored at Ϫ20ЊC until needed. The supernatant from the were from Santa Cruz Biotechnology, and the mouse monoclonal initial centrifugation was recentrifuged at 19,000 rpm in an SS-34 anti-CD36/FAT antibody was a generous gift from Dr. Maria Febrotor (43,000 ϫ g) for 30 min. The pellet (designated HDM) was braio.
resuspended in RIPA buffer and stored at Ϫ20ЊC. The supernatant was centrifuged at 65,000 rpm in a Ti70.1 rotor (39,000 ϫ g) for 75 Preparation of Primary Mouse Adipocytes min. The pellets from this centrifugation, designated LDM, were Visceral fat pads were removed from groups of male and female resuspended in RIPA buffer and stored at Ϫ20ЊC. Balb-C mice after the animals were sacrificed. Fat pads were cut into ‫1ف‬ cm 3 pieces with scissors in Krebs Ringer buffer (KRB) and Fluorescence Microscopy, Image Restoration, and Analysis resuspended in KRB solution containing 3 mg/ml type 1 collagenase 3T3 L1 adipocytes were transferred onto gelatin-coated glass cover (Worthington). Cells were incubated for 1 hr with gentle shaking and slips and allowed to adhere overnight. Cells were fixed in 2% parawashed three times with KRB containing 2% BSA and twice with formaldehyde in Hanks buffered salt solution (HBS, Gibco/BRL) and DMEM.
blocked with 2% BSA, 10% FCS, 1% normal donkey serum, and 0.5% saponin in HBS (blocking buffer) for 1 hr. Cells were then Fluorescent FA and [ 14 C]oleate Uptake Assay incubated with the indicated antibodies in blocking buffer, washed LCFA uptake with fluorescent and radioactive fatty acids was aswith blocking buffer without donkey serum, and incubated with sayed as previously described (Hirsch et al., 1998) . secondary antibodies conjugated to FITC, CY-3, or Cy-5. After the cells were washed and mounted (SlowFade or Prolong, Molecular Efflux Essays Probes), they were visualized using a Zeiss LSM510 laser scanning Day 8 3T3 L1 adipocytes were trypsinized and seeded into 48 well confocal microscope. Laser lines, pinhole settings, and emission plates. Cells were incubated overnight with tissue culture medium filters were used as appropriate for the maximum signal for each dye. containing 0.1% BSA and 50 M [ 14 C]oleate. Unincorporated FAs Bleedthrough between separate emission channels was reduced were removed by three washes with PBS/0.1% BSA followed by a through use of the multitracking feature of the Zeiss LSM510 micro-30 min incubation of the cells with tissue culture medium containing scope. For deconvolution, images were collected according to the 0.1% BSA and the indicated hormones at 37ЊC. Supernatants and Nyquist sampling theory for the shortest wavelength of the dyes cells were removed from the plate and subjected to ␤ scintillation used. Typically, voxel dimensions were 75 nm ϫ 75 nm ϫ 100 nm counting. In order to normalize for well to well differences in adipo-(x:y:z). Confocal data were deconvolved using the MLE algorithm cyte number, efflux was determined for each well by expressing the within Huygens2 (Scientific Volume Imaging, Amsterdam) on an Oriratios of radioactivity in the supernatant to the total radioactivity gin 2200 (Silicon Graphics, CA). Colocalization software (Bitplane, found in the supernatant and the cells. All measurements were done Zurich) was used for analysis of 3D colocalization between fluoresin quadruplicate.
cence channels in restored data. 3D image rendering, object extraction, and volume determination used Imaris 3.1 Surpass (Bitplane, Cis-Parinaric Acid Uptake Assay Zurich). Cis-parinaric acid (Molecular Probes) uptake measurements were performed as described (Fraser et al., 1997) . Briefly, 3T3 L1 adipo
